Abstract: Ponatinib, a third-generation tyrosine kinase inhibitor that inhibits BCR/ABL independent of the mutation status, is currently approved for the treatment of patients with chronic myeloid leukemia or acute lymphoblastic leukemia that are either resistant or unable to tolerate another tyrosine kinase inhibitor. Its US Food and Drug Administration approval was based on results from long-term follow-up of the pivotal Phase II PACE trial, which demonstrated deep and durable molecular responses in the treated patients. Despite the remarkable responses, ponatinib has been associated with high frequency of severe vascular events, which led to its withdrawal from the market in 2013. Following analysis of the risk factors of patients who developed vascular side effects, ponatinib was reintroduced in the market 1 year later with specific dose-reduction recommendations and carrying a black box warning. Thus, careful patient selection with identification of patients whose potential benefit from ponatinib exceeds the potential risks associated with its use is crucial. Ongoing and future studies are focusing on earlier detection of mutations, strategies to minimize side effects, and potential expansion of the treatment indications. Clinical trials testing the safety and efficacy of ponatinib as frontline therapy are ongoing.
Introduction
The Philadelphia (Ph) chromosome forms as a result of a reciprocal translocation between the BCR gene on chromosome 22 and the ABL1 gene on chromosome 9. The product of this fusion is a constitutively active tyrosine kinase that drives proliferation. 1, 2 Different constructs of the Ph chromosome are found in chronic myeloid leukemia (CML) and 20%-30% of cases of adult acute lymphoblastic leukemia (ALL). The presence of the Ph chromosome in ALL (Ph+ ALL) confers a poor prognosis and is more common in older adults. [3] [4] [5] [6] The treatment for Ph-positive malignancies has changed significantly in the last few years owing to the introduction of multiple tyrosine kinase inhibitors (TKIs) . Imatinib was the first TKI to be tested in CML, and it led to complete cytogenetic remission (CCyR) rates of over 80% when compared to interferon in the IRIS trial.
progression. 9, 10 In ALL, since the introduction of TKIs, the number of patients who undergo allogeneic stem cell transplantation (ASCT) while in complete hematologic response (CHR) or major molecular response (MMR) has increased significantly, leading to improved transplant outcomes. 11, 12 Ponatinib, a third-generation TKI that is 520 times more potent than imatinib, inhibits both wild-type and mutant BCR-ABL1, including the T315I mutation, which results from a threonine to isoleucine substitution at position 315 of the ABL gene. Similar to imatinib and nilotinib, ponatinib competes with adenosine triphosphate for the binding of the DFG-out conformation of the BCR-ABL tyrosine kinase. 13, 14 In addition, it causes inhibition of vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), sarcoma (SRC) kinase, stem cell growth factor receptor (KIT), rearranged during transfection (RET), fmslike tyrosine kinase 3 (FLT3) ( Table 1 ).
14 Ponatinib received accelerated approval by the US Food and Drug Administration (FDA) in 2012 for the treatment of patients with CML who had failed or could not tolerate an earlier generation TKI. This was based on results from early phase trials that demonstrated major cytogenetic response (MCyR) rates of over 70% in heavily pretreated patients. 15, 16 However, in 2013, the drug was temporarily suspended by the FDA because of its high frequency of cardiovascular events, and the EPIC trial that was testing ponatinib for frontline therapy of newly diagnosed chronic phase CML was interrupted. Ponatinib was reintroduced in the market with specific dose-reduction recommendations 1 year later after a retrospective analysis of patients who took part in the Phase I and II studies identified preexisting conditions as risk factors for vascular side effects. 17 Although ponatinib now carries a black box warning of vascular risks, it leads to deep and durable responses irrespective of mutation status.
Efficacy of ponatinib in CML
Prior to ponatinib approval, patients with the T315I mutation had poor prognosis with a median overall survival (OS) of 4 years following the development of resistance (Figure 1 ). 18 The T315I mutation is found in 20% of patients with resistant or relapsed CML, 19 and no mutations that confer resistance to ponatinib have been identified. 20 The main clinical trials testing ponatinib in CML and ALL are summarized in Table 2 .
Ponatinib was initially tested in a Phase I clinical trial of 60 patients with CML, most of whom had received treatment with at least two prior TKIs. Among the 43 patients who were in chronic phase, 98% achieved CHR and 72% MCyR. 15 All the 12 patients with the T315I mutation achieved CHR and 92% achieved an MCyR. This was followed by the Phase II PACE trial in which 449 heavily 
Note: Over 50% inhibition is indicated by X. Abbreviations: ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; TKIs, tyrosine kinase inhibitors; ABL1, abelson murine leukemia viral oncogene homolog 1; FGFR, fibroblast growth factor receptor; VEGFR, vascular endothelial growth factor receptor; PDGFR, platelet-derived growth factor receptor; KIT, stem cell growth factor receptor; FLT3, fms-like tyrosine kinase 3; SRC, sarcoma kinase.
Figure 1
Overall survival (OS) of chronic phase CML patients resistant to IM, since IM initiation (A), since IM resistance (B), and since TKI2 initiation (C) in months according to T315I status (dashed line represents patients with T315I mutation, plain line represents patients without T315I mutation Ponatinib: patient selection and perspectives pretreated patients with CML, including 267 patients in chronic phase who were either intolerant (16%) or resistant to a second-line TKI (84%), received ponatinib at a dose of 45 mg daily. 16 The T315I mutation was present in 24% of the patients with chronic phase CML. Forty-six percent of the patients achieved CCyR, 56% MCyR, and 31% MMR. Among patients with the T315I mutation, 72% experienced an MCyR, 70% a CCyR, and 58% an MMR. Importantly, responses occurred fast, 2.8-5.5 months after drug initiation. At 3-year follow-up, OS was 78%, progression-free survival (PFS) was 60%, and 45% of patients remained on treatment. Reasons for discontinuation included progression (13%) and intolerance (12%), among others. Importantly, responses were durable despite dose reductions that were implemented due to emerging vascular side effects, with MCyR 75%, CCyR 72%, and MMR 61%. 17 Lipton et al published a metaanalysis in 2015 comparing the efficacy of ponatinib to that of second-generation TKIs administered to patients who were CML resistant or intolerant to at least one prior secondgeneration TKI. The estimated probability of CCyR was 60% 
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Anagnostou and Litzow with ponatinib vs 22%-26% with a second-generation TKI (95% CI 52%-68%), while safety was not tested. 21 The Phase III EPIC trial tested ponatinib as a frontline therapy for CML. The study included 307 newly diagnosed CML patients in chronic phase who were randomized to either ponatinib 45mg daily or imatinib 400 mg daily. However, this study was terminated early due to the high frequency of vascular events reported in the ponatinib arm, not allowing assessment of the primary end point of MMR at 12 months, since only 23 patients reached that time point. Specifically, fatal myocardial infarctions (6%-9%), cerebrovascular events (3%-6%), peripheral vascular disease (4%-6%), and venous thromboembolism (3%-5%) were observed. Five deaths were attributed to vascular events resulting from ponatinib. The investigators concluded that responses to ponatinib were early, as 94% of patients in the ponatinib arm vs 68% of patients in the imatinib arm achieved an MMR after a median follow-up of 5 months. In addition, 31% of patients in the ponatinib arm vs 3% of patients in the imatinib arm achieved an MMR at 3 months. 22 Around the same time, a Phase II single-arm trial accrued 51 newly diagnosed CML patients in chronic phase. Although the initial dose of ponatinib was 45 mg daily, this was subsequently decreased due to side effects and the median dose ended up being 30 mg daily. Similar to the EPIC trial, this trial had to be terminated early due to vascular side effects; however, the median follow-up was 22.7 months, which was significantly longer than in the EPIC trial. At 3 months, 90% of patients achieved CCyR and 50% an MMR. After a median follow-up of 22.7 months, 94% of patients achieved a CCyR and 55% a complete molecular response (CMR). There were no deaths during the study period and none of the patients progressed to blast phase. 23 Other trials are currently ongoing, such as the Phase 1/2 NCT01667133 trial that is investigating the use of ponatinib in Japanese patients with Ph+ ALL and CML who have failed a second-line TKI. Some results have already been reported showing an MCyR at 12 months of 65% in patients with chronic phase CML and a major hematologic response at 6 months of 61% in patients with advanced disease. 24 
Efficacy of ponatinib in ALL
In ALL, ponatinib has been approved by FDA for subsequent therapy of patients who are either intolerant or resistant to another TKI. Ponatinib has also been tested as a frontline therapy for newly diagnosed Ph+ ALL in combination with standard chemotherapy showing some remarkable responses. 25 However, prospective studies that directly compare different TKIs in the treatment of Ph+ ALL have not been conducted. The initial Phase I trial by Cortes et al included five patients with Ph+ ALL. However, their clinical outcomes were not reported separately from those of patients with accelerated or blast phase CML. 15 The PACE Phase II trial included 32 adult patients with Ph+ ALL who were resistant to at least two prior TKIs. The initial response rates were CHR of 41%, MCyR of 47%, and CCyR of 38%. However, early relapses were noted leading to a median OS of 8 months. 16 Recently, Jabbour et al reported the results of a Phase II single-center study testing the combination of ponatinib with hyper-cyclophosphamide, vincristine, doxorubicin and dexamethasone (CVAD) in newly diagnosed Ph+ ALL. 26 The authors recently updated the results of the trial at 3-year follow-up. All the 66 patients who were treated with ponatinib achieved CCyR, while 97% achieved MMR, and 77% achieved CMR. After a median follow-up of 32 months, 78% were in complete remission (CR) and 17% received allogeneic hematopoietic cell transplantation (alloHCT). The 3-year OS was 77%. Thirty-eight patients remain on ponatinib while reasons for discontinuation in the rest were disease relapse (7 patients), alloHCT (11 patients), and death (8 patients). Importantly, the dose of ponatinib was decreased from 45 mg daily on cycle 1 to either 30 mg daily for patients who had not achieved a CMR or 15 mg daily for patients in CMR due to reports of vascular side effects. 27 Investigators from the same group performed a comparison of patients with newly diagnosed Ph+ ALL who had been treated either with hyper-CVAD plus dasatinib or hyper-CVAD plus ponatinib as part of a different Phase II clinical trial. With propensity score matching, the authors concluded that the combination of ponatinib with chemotherapy was superior to that of dasatinib with chemotherapy owing to the higher 3-year OS (83% vs 56%, p=0.001) and higher PFS (69% vs 46%, p=0.003). 28 Finally, an Italian Phase II trial (NCT01641107) is currently ongoing and is testing ponatinib as a frontline treatment in elderly patients or those who are not candidates for chemotherapy and ASCT. Thirteen patients have been enrolled so far, and all have achieved a CHR.
Side-effect profile
Despite the remarkable responses observed in the above discussed trials, the use of ponatinib has also been associated with serious adverse events, which led to the temporary withdrawal of the drug from the market by the FDA in 2013. The most common side effects reported in the Phase I and II trials were rashes (38%), GI side effects (36%; including pancreatitis), thrombocytopenia (25%), arthralgia (26%), and fatigue. In addition, grade 3 or 4 thrombocytopenia was more common with ponatinib (12%) compared with imatinib (7%). At a median follow-up of 4 years, 25% of patients who were part of the Phase I clinical trial discontinued the drug due to side effects. 15, 16 More importantly, extended follow-up of the above trials revealed high frequency of serious vascular events, including myocardial infarctions, strokes, peripheral vascular disease, and venous thromboembolism, which ranged between 24% and 48%. In addition, hypertension occurred in 24% of treated patients. The median time to event was 13.8 months for arterial events and 18.4 months for venous events, and 9% of patients discontinued treatment due to a vascular event. 30 Toxicity was dose dependent and the pharmacokinetics of ponatinib were similar for doses ranging between 30 and 45 mg daily. 31 However, the 2-year OS did not differ between patients who had an arterial thrombotic event and patients who did not. 16, 32 In the EPIC trial, 7% of patients receiving ponatinib vs 2% of patients receiving imatinib experienced arterial occlusive events (p=0.052). Subsequent analysis demonstrated that patients in the ponatinib arm who developed cardiovascular toxicity had at least one cardiovascular risk factor. However, no deaths were attributed to the use of ponatinib. 22 Similarly, all patients in the Phase II trial testing ponatinib as a frontline therapy in newly diagnosed CML were taken off trial. Out of 51 patients, 38 were taken off due to high risk for arterial thrombosis and 13 due to side effects. Half of the patients had cardiovascular events, with hypertension being the most common in 29% of patients and seven experienced arterial ischemic events. Treatment interruptions were required in 85% and dose reductions in 88%, and no deaths were reported. 23 Finally, at the most recent update of the Phase II trial testing ponatinib in the frontline treatment of ALL, two deaths from myocardial infarctions were attributed to the use of ponatinib. Following the emergence of cardiovascular side effects, the protocol was amended and the dose of ponatinib was decreased to either 15 or 30 mg daily depending on whether the patient had achieved CMR or not, respectively. 26 Interestingly, a recent meta-analysis of all randomized trials comparing all the different generation of TKIs demonstrated higher cardiovascular risk with newer TKIs when compared to imatinib, and 4.78% of patients receiving a new generation TKI experienced an arterial occlusive event vs 0.96% of patients receiving imatinib. Ponatinib was associated with higher rates of arterial events compared with imatinib (odds ratio=3.26, 95% CI 1.12-9.50). 30 Given the fact that dose reductions were required in previous trials due to severe cardiovascular side effects, an ongoing multicenter randomized Phase II trial (NCT02467270) is aiming to characterize the efficacy and safety of different ponatinib starting doses (15, 30 , and 45 mg) in patients with CML resistant to at least two prior TKIs. The rationale behind the efficacy of lower doses is based on preclinical data demonstrating that ponatinib doses of 15 mg are adequate to achieve the minimum required plasma concentration that is sufficient to treat all known mutations that confer resistance. 15, 31 In addition, toxicity was dose dependent in the early phase clinical trials, which justifies attempts to determine the minimum required dose. 15, 16 The mechanism of the cardiovascular side effects is not clear. Ponatinib is known to inhibit the VEGF, FGF, and PDGF pathways, and it is likely that it causes upregulation of adhesion molecules and proinflammatory cytokines as suggested by preclinical data in cell lines. 33 However, because of the relatively short interval between the exposure to ponatinib and the incidence of the vascular side effects, a direct effect of ponatinib on the endothelial cells is possible. 34 In addition, preclinical data have suggested that ponatinib enhances the expression of proteins that promote plaque formation. 35 Other potential mechanisms include inhibition of mast cell differentiation, which is required for vascular repair, through inhibition of KIT. 36 Platelet dysfunction associated with the use of ponatinib in patients with CML has been described. Five patients with CML who received ponatinib for over 2 weeks for TKI-resistant disease were analyzed and were found to have a prolonged closure time with platelet functional analyzer (PFA) 100. However, none of these patients experience clinically significant bleeding. 37 Subsequently, the investigators of the PACE trial conducted a retrospective review of the charts of 80 patients who were treated with ponatinib for chronic phase CML. Although nine patients experienced bleeding episodes, none of those were attributed to ponatinib or required dose interruptions. In addition, patients with a prior history of bleeding or who were on anticoagulation did not experience bleeding, suggesting that ponatinib is safe in this setting. 38 The mechanism of platelet dysfunction is thought to be due to inhibition of kinases, including SFK, LYN, and FYN that are implicated in early platelet activation. 37, 38 Blood and Lymphatic Cancer: Targets and Therapy 2018:8 submit your manuscript | www.dovepress.com
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Patient selection
Although ponatinib is associated with deep and durable responses, high discontinuation rates have been observed due to side effects, which stresses the importance of careful patient selection. 39 Most cardiovascular events in the PACE trial occurred in patients with additional risk factors, including age >65 years, diabetes, and hyperlipidemia. Half of the patients that developed cardiovascular events had a history of previous cardiac disease, whereas the percentage of patients with history of cardiac disease that did not experience cardiovascular side effects was much lower at 17%. 16, 40 A recent meta-analysis reviewed all the patient data from the Phase I, PACE and EPIC trials. On multivariate analysis, dose intensity correlated with the cardiovascular risk. Specifically, each 15 mg dose reduction was calculated to result in a predicted 40% reduction in the risk of arterial thrombosis. Older age, diabetes, higher dose, history of ischemia, longer time since diagnosis, higher neutrophil and platelet counts were identified as independent predictors of cardiovascular risk. 16, 32 Thus, assessment of cardiovascular risk at baseline is required prior to initiation of ponatinib in order to identify those patients who are likely to have a vascular adverse event and in whom the risk to benefit ratio does not justify initiation of the medication. 39 Some experts recommend excluding patients with previous myocardial infarction, stroke, and peripheral arterial disease, and close monitoring of blood pressure. 41 Incorporation of the airway, breathing, circulation, disability, exposure (ABCDE) algorithm of cardiovascular risk assessment has also been proposed, which is routinely used for breast cancer survivors. 42, 43 The steps involved in this algorithm are the following: 1) awareness of signs and symptoms of cardiovascular disease, 2) aspirin use in select patients, 3) ankle-brachial index measurement at baseline and follow-up, 4) blood pressure control, 5) cigarette cessation, 6) cholesterol monitoring and treatment, 7) diabetes monitoring and treatment, and 8) diet and exercise. 44 Interestingly, in vitro data indicate that the minimum required plasma concentration of 40 nmol/L can be reached with ponatinib doses <45 mg daily and that even a dose of 15 mg daily is sufficient to treat all known mutations that confer resistance. 31 In addition, compound mutations are not major drivers of resistance to ponatinib in chronic phase CML. 20 Thus, lower doses may be sufficient and safer. Limited data from the PACE trial are available from patients who reduced their ponatinib dose to either 15 mg daily after achieving a CMR or 30 mg daily if they had not achieved a CMR. The majority of patients have had durable responses even after dose reductions were implemented and a low incidence of cardiovascular side effects. 16 The same dose reductions were implemented in the ALL trial by Jabbour et al who tested ponatinib with hyper-CVAD as frontline therapy. Importantly, despite the dose reductions beginning at cycle 2, the responses were durable with 58 out of 66 patients remaining in CR after a median follow-up of 32 months. 26, 27 Overall, since ponatinib was first introduced, 33% of patients have received a dose of 30 mg daily and 17% a dose of 15 mg daily. Two ongoing studies are investigating the effects of these lower doses as starting doses (NCT02467270 and NCT02627677).
With regards to the patients' age, this has been identified as an independent predictor of cardiovascular risk. 32 However, since the Ph chromosome is more common in elderly patients with ALL who are often unable to tolerate intensive chemotherapy, TKIs and, specifically, ponatinib may constitute the basis of treatment for this patient population. There is clinical evidence that some patients can achieve a durable response with TKIs and corticosteroids alone. 45, 46 On the other hand, in younger patients, ponatinib may play an important role as a bridge to transplant.
With regards to prior transplantation, ponatinib has been reported to result in deep responses but also severe graftversus-host disease (GVHD). Two cases were reported recently who were treated with ponatinib for posttransplant relapse, one with ALL and another with CML. Although both patients achieved deep molecular responses, they also developed cutaneous GVHD which required medication discontinuation in the patient with CML. 47 Skin GVHD following initiation of ponatinib for posttransplant relapses has also been described in other case reports, suggesting a potential role of ponatinib to enhance the graft-versus-leukemia effect. 48, 49 Overall, 43 patients have received ponatinib for posttransplant relapses in the early phase clinical trials; however, their clinical outcomes and side-effect profile have not been reported separately. 15, 16 An important question is whether the use of ponatinib in patients with the T315I mutation balances the poor prognosis associated with the mutation and leads to improved outcomes without alloHCT. Although no prospective studies have compared the outcomes of patients with the T315I mutation who received ponatinib to those of patients who received alloHCT, a recent retrospective study compared the outcomes of patients who were treated as part of the PACE trial with those of patients who underwent alloHCT in the European Group for Blood and Marrow Transplantation registry. The authors concluded that ponatinib led to higher OS compared with alloHCT for patients with chronic phase CML (48- 50 This finding suggests that ponatinib may lead to better outcomes among patients with the T315I mutation when administered for chronic phase CML and abrogate the future need for transplant.
Future perspectives
Although ponatinib has demonstrated some remarkable results in trials conducted in both CML and Ph-positive ALL, its role in the management of these patients remains unclear due to the risks associated with its use. Thus, more studies are required to evaluate the efficacy and safety of lower ponatinib doses. An in vitro concentration of 40 nM is known to be required for the inhibition of emergence of resistant clones, but higher concentrations may be required for treatment of the T315I mutation, and biomarkers that could predict the emergence of resistance are currently lacking.
14 A recent study conducted in patients with chronic phase CML showed that those with the T315I mutation had better outcomes compared with patients with several low-level mutations, likely due to the presence of low-level mutations predisposing to the development of TKI-resistant clones. 51 Thus, high-sensitivity genetic analysis techniques are required to detect low-level mutations before treatment as these patients would likely benefit from treatment with ponatinib. The early identification of mutation detection through new gene sequencing techniques is an area of active research. Ultra-deep sequencing has been compared to conventional Sanger sequencing which requires 10%-20% expansion of the resistant clone and was able to detect mutations at 1%-2% and as soon as 3 months earlier than with conventional sequencing. 52 In order to decrease the side effects associated with TKIs, several approaches have been proposed from different experts. Imatinib is still considered the first choice for frontline therapy in many institutions with physicians switching to a newer generation TKI after early imatinib failure. Bosutinib is a newer generation TKI with a more tolerable cardiovascular effect profile, and many experts use it as an alternative for higher risk patients. Discontinuation of TKIs after achievement of CMR has also been suggested. 53 In addition, alternating between different generation TKIs in order to decrease the time of exposure to ponatinib has been suggested. 54 Further studies are required to directly compare different TKIs and determine the best sequence of treatment as well as the optimal duration of therapy. Finally, once vascular events occur, consideration of the need to continue ponatinib should be made as well as optimization of other cardiovascular risk factors.
In addition, the role of ponatinib in elderly patients has not been completely elucidated. Since old age has been described as an independent predictor of high cardiovascular risk, ponatinib may not be well tolerated by elderly patients. On the other hand, intense chemotherapy used for the treatment of ALL may not be tolerated by elderly patients or those with comorbidities, as hyper-CVAD has been associated with high mortality rates during or after treatment completion in elderly patients. One alternative in this patient population could be the combination of ponatinib with corticosteroids and reduced intensity chemotherapy to decrease the rates of recurrence. There is also rationale of trying to replace intensive chemotherapy with safer and effective treatment strategies in the elderly patient population. Novel agents, such as the monoclonal antibody-chemotherapy conjugate, inotuzumab ozogamicin, and the bispecific antibody, blinatumomab, have demonstrated significant results in Ph-positive ALL and could potentially be tested in combination with ponatinib in future trials. Finally, use of ponatinib as a single agent could be an option in elderly or unfit patients. The Gruppo Italiano Malattie Ematologiche dell'Adulto has tested the combination of dasatinib plus steroids and reported 20-month PFS rates of 51% and OS of 69%. 55 Another Italian study, which is ongoing, is investigating the safety and efficacy of ponatinib in elderly patients as well as young patients who are not candidates for intensive chemotherapy. 56 Finally, the role and safety of ponatinib posttransplant remains unclear. Imatinib has been used in patients who are minimal residual disease positive after transplant 57 as well as for molecular relapses posttransplant and has led to high response rates. 58 Although a total of 43 patients have received ponatinib in the posttransplant setting, detailed data regarding their outcomes have not been reported, and case reports of such patients suggest high incidence of GVHD, in some cases necessitating medication discontinuation. 48, 49 Thus, it remains unknown whether a select group of patients could benefit from posttransplant treatment with ponatinib for either prevention or treatment of molecular relapse.
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